Late Quaternary tephrostratigraphy and cryptotephrostratigraphy of deep-sea sequences (Chikyu C9001C cores) as tools for marine terrace chronology in NE Japan  by Matsu'ura, Tabito et al.
lable at ScienceDirect
Quaternary Geochronology 23 (2014) 63e79Contents lists avaiQuaternary Geochronology
journal homepage: www.elsevier .com/locate/quageoResearch paperLate Quaternary tephrostratigraphy and cryptotephrostratigraphy of
deep-sea sequences (Chikyu C9001C cores) as tools for marine terrace
chronology in NE Japan
Tabito Matsu'ura a, *, Akira Furusawa b, Kota Shimogama c, Norihisa Goto d,
Junko Komatsubara e
a Japan Nuclear Energy Safety Organization (JNES), Toranomon Towers Ofﬁce, 4-1-28, Toranomon, Minato-ku, Tokyo 105-0001, Japan
b Furusawa Geological Survey, 93-7 Yashiki, Tosaki-cho, Okazaki, Aichi 444-0840, Japan
c Dia Consultants Co. Ltd., 2-272-3, Yoshino-cho, Kita-ku, Saitama City, Saitama 331-0811, Japan
d Hanshin Consultants Co. Ltd., Kanda K-1 Bldg., 4, Nishi-Fukuda-cho, Kanda, Chiyoda-ku, Tokyo 101-0037, Japan
e Geological Survey of Japan, 1-1-1 Site 7 Higashi, Tsukuba, Ibaraki 305-8567, Japana r t i c l e i n f o
Article history:
Received 26 February 2014
Received in revised form
27 May 2014
Accepted 9 June 2014
Available online 25 June 2014
Keywords:
Tephra
Chemical analysis
Marine isotopic stages
Deep sea core
Marine terraces
Northeastern Japan* Corresponding author. Present address: Regula
Department, Secretariat of Nuclear Regulation Auth
pongi, Minato-ku, Tokyo 106-8450, Japan. Tel.: þ81 3
2236.
E-mail address: tabito_matsuura@nsr.go.jp (T. Mat
http://dx.doi.org/10.1016/j.quageo.2014.06.001
1871-1014/© 2014 The Authors. Published by Elseviera b s t r a c t
We investigated late Quaternary deep-sea sequences of the C9001C cores (D/V Chikyu shakedown cruise)
to reﬁne the tephrostratigraphy and reconsider the marine terrace chronology along the Paciﬁc coast of
northern Honshu, Japan. We identiﬁed 16 concentrations (spikes) of glass shards (numbered G1eG16
from top to bottom), which correspond to 12 visible tephras and 4 non-visible tephras (cryptotephras).
We correlated several spikes with known dated tephras: G1 with Towada-Ofudo (To-Of: last MIS 3,
32 ka), G2 with Shikotsu-1 (Spfa-1: mid MIS 3, 42e44 ka), G3 with Aso-4 (MIS 5b, 87 ka), G4 with
Toya (MIS 5d, 106 ka), G9 with White Pumice (WP: mid MIS 7, 220 ka), G12 or G13 with ODP794 2H-2-
120 (mid MIS 8, 274e283 ka), and G14 with Shiobara-Otawara (So-OT: mid MIS 9, 320 ka). We classiﬁed
spike G6 as a turbidite. The two lowest of these tephras, ODP794 2H-2-120 and So-OT, were assigned to
MIS 7 in a previous age model on the basis of the ﬁrst occurrence of Emiliania huxleyi. However, our
tephra-based age model is consistent with the last occurrence of Proboscia curvirostris, and we assigned
the core sediment corresponding to MIS 7 from a previously reported segment 55 m long to a younger
segment 22 m long, and then veriﬁed that the sedimentation rate was constant through the core. We
used the newly obtained age for the WP tephra, along with outcrop and borehole core evidence, to
reconsider the marine terrace chronology in the Kamikita Plain. A marine terrace that was previously
assigned to MIS 7 with a possible vertical fault offset was reinterpreted as two separate terraces, one
correlated with MIS 7e or 7c and the other with MIS 9. Regional uplift rates based on the revised terrace
chronology and shoreline angle elevations appear to have been fairly steady at 0.18e0.36 m/ky during
the late Quaternary.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
The occurrence of tephra layers in deep-sea sediments that also
contain microbiostratigraphic and marine oxygen isotopic records
represents a powerful tool for widespread and accurate agetory Standard and Research
ority (S/NRA/R), 1-9-9 Rop-
5114 2226; fax: þ81 3 5114
su'ura).
B.V. This is an open access articlecorrelations (e.g., Buhring and Sarnthein, 2000; Song et al., 2000;
Aoki, 2008; Brendryen et al., 2010; Abbott et al., 2011; Lowe,
2011; Davies et al., 2012; Gorbarenko et al., 2014). Tephras that
are correlated with marine isotopic stages (MIS) in deep-sea sedi-
ments may also occur in coastal marine terrace deposits corre-
sponding to interglacial periods, such as MIS 5 and older odd-
numbered stages (e.g., Bassinot et al., 1994; Siddall et al., 2006).
Therefore, a useful tephrostratigraphy for marine terrace chronol-
ogy should cover MIS 5 and older stages and also have time
resolution corresponding to substages (about 20 ky). Tephros-
tratigraphic ages can be checked against dates obtained by other
dating techniques for marine terraces, such as uranium-seriesunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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spin resonance dating (e.g., Schellmann and Radtke, 2004), and
cosmogenic radionuclide dating (e.g., Saillard et al., 2009).
The Japanese island arcs have many volcanoes (Fig. 1a) that have
producedmany tephras during Quaternary time (Machida and Arai,
2003) that have been correlated and dated in both terrestrial and
marine sediments. Pleistocene tephras in themarine cores of Ocean
Drilling Program (ODP) sites 794 and 797 in the Japan Sea have
been used to correlate marine sediments with MIS stagesFig. 1. Map showing locations of volcanoes and ocean drilling sidocumented from the Anden outcrop along the Japan Sea coast
(Shirai et al., 1997). However, these tephras were correlated with a
regional proxy for global sea-level ﬂuctuation (dark and light
layers) in the Japan Sea (Tada et al., 1992) rather than directly
correlated with MIS stages from the open ocean. Tephras in marine
sediments of the Paciﬁc Ocean core LM-8 (Fig. 1a) have been
correlated with MIS stages by d18O evidence, but they are younger
than MIS 5b (Yamane and Oba, 1999; Aoki and Arai, 2000) and thus
cannot be age indicators for older sediments. Thus, a fulltes (a) in and around Japan and (b) near the Kamikita Plain.
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lished and deep-sea cores with longer records (MIS 5 and older) are
required.
Deep-sea drilling was undertaken at site C9001C, on the conti-
nental slope off the Shimokita Peninsula, by D/V Chikyu in 2006
during its shakedowncruise for the IntegratedOceanDrillingProject
(Fig. 1b) (Aoike, 2007; Kobayashi et al., 2009). The 365-m-long
continuous marine sequence recovered at site C9001C was corre-
lated with the MIS system by benthic d18O analysis, biostratigraphy,
and magnetostratigraphy in a record extending from MIS 18 to the
present (Domitsu et al., 2011). The core sediments also include layers
of volcanic fallout such as pumice and ash. However, only two late
Pleistocene tephras have been identiﬁed (Aoike et al., 2010), and
three middle Pleistocene tephras have been tentatively identiﬁed
(Suzuki et al., 2012). To reﬁne Pleistocene tephrostratigraphy, con-
centrationsof tephra-derivedgrains in sediments that arenotvisible
as layers (cryptotephras) need to be documented in core samples.
A reﬁned tephrostratigraphy would be useful for developing the
chronology of marine terraces. In the Kamikita Plain of northern-
most Honshu Island, upwind of site C9001C (Fig. 1b), multiple
marine terraces are present that have been used to estimate
regional uplift and evaluate fault activity (e.g., Miyauchi, 1985,
1988; Koike and Machida, 2001). However, terraces older than
MIS 5e have not been well dated because many of the tephras they
contain have poorly constrained ages and have not yet been
assigned to MISs given the paucity of stratigraphic information
from late Quaternary deep-sea sediments. Therefore, both visible
tephras and cryptotephras in the C9001C cores hold promise for
advancing late Quaternary terrace chronology.
In this study, we investigated late Quaternary deep-sea se-
quences of the C9001C cores to reﬁne their tephrostratigraphy and
developed an improvedmarine terrace chronology along the Paciﬁc
coast of northern Honshu. We ﬁrst documented the presence of
tephras and cryptotephras by counting glass shards and heavy
minerals in samples from the cores. We then analyzed the chem-
istry of shards and mineral grains to distinguish tephras from tur-
bidites (reworked or mixed tephra grains). We used these results to
establish a tephrostratigraphy based on the concentration of tephra
grains, enabling us to detect several important cryptotephras, and
then reassessed the reported ages of marine terraces to calculate
regional late Quaternary uplift rates.
2. Regional setting of the study area
The drilling site of the C9001C cores is on the continental slope off
northernHonshu at 1180mwater depth (41.177300N,142.201350E;
Aoike, 2007; Fig. 1b). The site is on the nonvolcanic forearc and about
95 km from the nearest Quaternary volcano (Osore volcano) on the
Shimokita Peninsula. However, many other volcanoes lie upwind in
thewesterlieswindbelt, and thesitehas received tephras fromnearby
and distant volcanoes during the Quaternary.
The Kamikita Plain, along the Paciﬁc coast of northern Honshu
(Fig. 1b), is 0e150 m above sea level. Multiple levels of marine
terraces attest to uplift during the Quaternary. The terrace surfaces
consist of Pleistocene loess, reaching more than 10 m in thickness,
that contains tephra interbeds. At least 10 tephra layers are docu-
mented in the plain (Nakagawa et al., 1986; Kudo et al., 2004;
Kuwabara, 2004; Kuwabara et al., 2007). Tephra layers containing
pumice and coarse ash are derived from nearby volcanoes such as
Towada and Kita-Hakkoda (Fig. 1b).
3. Description of the C9001C cores
The C9001C cores contain a continuous marine sequence 365 m
long dating entirely from the Brunhes normal polarity epoch(Kobayashi et al., 2009; Aoike et al., 2010). The cores are subdivided
into 40 segments, numbered from 40H to 1H in ascending order.
Sediment of the C9001C cores predominantly consists of olive-
black to dark olive-gray, diatomaceous silty clay containing mi-
crofossils (Kobayashi et al., 2009; Fig. 2). Its ages are strongly con-
strained by the last occurrences of Lychnocanoma nipponica sakaii
(50 ka) at 35.41/44.91 m below the seaﬂoor (mbsf), the ﬁrst
occurrence of Emiliania huxleyi (250 ka) at 149.41 mbsf, the last
occurrence of Pseudoemiliania lacunosa (450 ka) at 248.52 mbsf,
and the last occurrences of Neogloboquadrina inglei (600 ± 100 ka)
at 319.20/337.80 mbsf (Domitsu et al., 2010). These microfossil age
controls suggest sedimentation rates between MIS 18 and MIS 2 of
20e67 cm/ky and a sedimentation rate during MIS 7 of 110 cm/ky,
much faster than during other MIS stages (Domitsu et al., 2011).
However, the last occurrences of Proboscia curvirostris
(250e300 ka) at 130.41/139.91 mbsf, Stylacontarium aquilonium
(400 ka) at 149.30/158.91 mbsf, and Axoprunum angelinum
(460 ± 40 ka) at 193.90/203.41 mbsf have not been used as age
controls (Domitsu et al., 2010).
The sediment also includes volcanic fallout. Layers of ﬁne ash
represent the products of distant volcanoes, whereas layers of
coarse pumice are more likely derived from nearby volcanoes in
Honshu or Hokkaido (Fig. 1b). Late Pleistocene visible tephras at
30.30e30.39 mbsf and at 54.35e54.38 mbsf in the cores have
been correlated with the Shikotsu-1 (Spfa-1) and Aso-4 tephras,
respectively (Aoike et al., 2010), and middle Pleistocene visible
tephras at 141.2 mbsf, 146.6 mbsf, and 154.8 mbsf have been
tentatively correlated with the Tanabu B (Tn-B), Tanabu C (Tn-C),
and Shiobara-Otawara (So-OT) tephras, respectively (Suzuki
et al., 2012; Fig. 2). The inferred biostratigraphic dating of the
core places the 154.8 mbsf tephra at about 250 ka (MIS 7 base).
This conﬂicts with the previously reported age of the So-OT
tephra (300e330 ka, MIS 9: Suzuki et al., 2004, 2012) deter-
mined by its stratigraphic position below the Tobiyama tephra
(ﬁssion-track age of 300 ± 130 ka: Watanabe et al., 1999) and
above the Omachi-Apm tephra (stratigraphic age of 330e400 ka:
Suzuki et al., 2004).
4. Materials and methods
We obtained a total of 1680 contiguous 10-cm samples from the
archive halves of the C9001C cores from sections 1H (MIS 1) to 20H
(transition from MIS 9 to 8) (Fig. 2). We also obtained drill cores or
outcrop samples of tephras from marine terrace deposits in the
Kamikita Plain (Fig. 1b). All samples were sieved under running
water through disposable 0.125-mm and 0.0625-mm sieves that
were changed between samples to prevent contamination. The
residues were dried, embedded in resin, andmounted on slides.We
determined grain composition under the microscope in polarized
light with point counters.
For distinguishing tephras and cryptotephras, we identiﬁed
samples with high concentrations (hereafter referred to as spikes)
of more than 1500 glass shards or more than 500 amphibole grains
per 3000 grains. Orthopyroxene grains were not counted because
the mineral displays oscillatory zoning and greater compositional
variation than amphibole (e.g., Cronin et al., 1996). We then picked
out samples from each spike for chemical analyses, selecting and
polishing 10e15 glass shards and amphibole grains. The major-
element compositions were analyzed by energy-dispersive spec-
trometry with an electron probe microanalysis (EPMA) system
(Horiba Emax Energy EX-250). Major elements were measured by
scanning a 4-mm grid of the targeted grain with a counting time of
150 s, accelerating voltage of 15 kV, and a beam current of 0.3 nA
with beam diameter of 150 nm. The ZAF procedure was applied to
correct for atomic number and ﬂuorescence effects.
Fig. 2. Stratigraphy, datum planes, tephra grain components, and oxygen isotopic record of benthic foraminifera in C9001C cores. Core lithology, datum planes, and the oxygen
isotopic record are from Domitsu et al. (2011). LR04 benthic d18O stack is from Lisiecki and Raymo (2005). In datum planes, stratigraphic positions of tephras Tn-B, Tn-C, and So-OT
are from Suzuki et al. (2012); FO and LO denote ﬁrst and last occurrences, respectively.
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ported correlation of marine terraces to MIS in the Kamikita Plain
and calculated regional uplift rates from the shoreline angle
elevation of terrace deposits after subtraction of overlying loess
sequences.
5. Tephrostratigraphy of C9001C cores
5.1. Stratigraphy and chemistry of glass shards in spikes
Glass shards made up more than 1500 of 3000 grains in 28 core
samples and formed 16 spikes, named G1eG16 (Table 1; Fig. 2).
Major-element compositions of the glass shards in each of these
spikes are shown in Table 2 and Fig. 3.
Spike G1 (24.56e24.74 mbsf, late MIS 3) included 2636e2868
glass shards per sample. It roughly corresponds to the “ash and
pumice layers” reported by Aoike (2007). Shards had low K2O
contents (average 1.41 wt.%), but one point had moderate K2O
content (2.58 wt.%).Spike G2 (30.31e30.41 mbsf, middle MIS 3) included 2114
shards. It roughly corresponds to the “sandy silt bearing pumiceous
ash” at 30.30e30.39 mbsf reported by Aoike et al. (2010), who
correlated it with the Spfa-1 tephra. As a cross-check of this pro-
posed correlation, tephra Spfa-1 was sampled from pyroclastic ﬂow
deposits (Spﬂ) at 42.777371N, 141.781406E. This tephra has been
correlated with proximal fallout pumice or Shikotsu pyroclastic
ﬂow deposits (Spﬂ) (Machida and Arai, 2003). The shard chemis-
tries of spike G2 and Spﬂ are similar, although their Na2O and K2O
populations do not perfectly overlap. But our results are similar to
the reported Na2O and K2O contents (3.4e3.8 wt.% and
2.2e2.8 wt.%, respectively) of Spfa-1 and Spﬂ (Machida and Arai,
2003), and no other correlative of Spfa-1 is found in the litera-
ture. Thus we consider them to be correlated.
Spike G3 (54.25e54.34 mbsf, middle MIS 5) included 1517
shards. It corresponds to the “ash layer” at 54.35e54.38 mbsf re-
ported by Aoike et al. (2010), who correlated it with the Aso-4
tephra. Its shards had low SiO2 content (average 71.96 wt.%) and
high Na2O and K2O contents (average 4.56 and 4.76 wt.%,
Table 1
List of glass shard spikes (G1e16), amphibole spikes (A1e3), component grain counts, and correlative tephras for the C9001C cores.
Sample number Horizon in core
(*, EDS analyzed)
Depth (mbsf) Grain component (/3000 grains) Spike ID Tephra
Glass shards Orthopyroxene Amphibole
171 3H-7A 0-10* 24.56e24.65 2868 8 5 G1 Towada-Ofudo (To-Of)
172 3H-7A 10-20 24.65e24.74 2636 6 3
226 4H-4A 50-60* 30.31e30.41 2114 4 2 G2 Shikotsu-1 (Spfa-1)
442 6HCCA 20-29.5* 54.25e54.34 1517 7 13 G3 Aso-4
510 7H-6A 30-40 61.35e61.45 2263 5 5 G4 Toya
511 7H-6A 40-50* 61.45e61.55 2804 5 3
646 9H-2A 70-80 75.40e75.50 1966 3 11 G5
647 9H-2A 80-90* 75.50e75.60 2055 4 34
861 11H-4A 90-100* 97.26e97.36 2363 10 6 G6
911 12H-1A 40-50 102.31e102.41 2839 8 4 G7
912 12H-1A 50-60 102.41e102.51 2355 5 6
913 12H-1A 64-68* 102.55e102.59 2740 6 2
915 12H-1A 80-90* 102.71e102.81 1786 10 15 G8
964 12H-6A 40-50 108.91e109.01 2733 14 9 G9 White Pumice (WP)
965 12H-6A 50-60* 109.01e109.11 2379 72 5
966 12H-6A 60-70 109.11e109.21 2100 235 0
967 12H-6A 70-80 109.21e109.31 1687 222 0
968 12H-6A 80-90 109.31e109.41 2752 278 0
969 12H-6A 90-100 109.41e109.51 1591 225 0
1036 13H-4A 100-110* 116.15e116.25 2954 5 1 G10
1043 13H-5A 60-70 117.12e117.22 1610 10 18 G11
1044 13H-5A 70-80* 117.22e117.32 2153 4 6
1256 15H-9A 110-120* 139.32e139.41 2660 10 8 G12 Either G12 or G13 is ODP794 2H-2-120
1280 16H-3A 30-40* 141.62e141.72 1684 9 13 G13
1402 17H-5A 80-90* 154.16e154.26 2599 16 4 G14 Shiobara-Otawara (So-OT)
1553 19H-4A 50-60 169.52e169.62 2079 9 5 G15
1554 19H-4A 60-70* 169.62e169.72 2907 6 4
1647 20H-5A 120-130* 179.93e180.03 1898 12 5 G16
632 9H-1A 40-50* 73.81e73.91 918 1 1310 A1
822 11H-1A 90-100* 93.31e93.41 450 10 501 A2
1040 13H-5A 30-40* 116.82e116.92 101 18 928 A3
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abnormally low Na2O contents (both <3.50 wt.%), and one point
had an abnormally low SiO2 content (63.28 wt.%). As a cross-check
of this proposed correlation, tephra Aso-4 was sampled at
39.123162N, 140.987492E (Watanabe, 1991; Matsu'ura et al.,
2008). The shard chemistries of spike G3 and Aso-4 are similar,
and no other correlative of Aso-4 is found in the literature. Thus, we
consider them to be correlated.
Spike G4 (61.35e61.55 mbsf, early MIS 5) included 2263e2804
shards. It corresponds to the “pumicewith sandy silt sized vitric ash
layer” of Aoike (2007). Its shards had low FeO* (total iron expressed
as FeO) (average 0.91 wt.%), low CaO (average 0.43 wt.%), high Na2O
(average 4.50 wt.%), and moderate K2O (average 2.98 wt.%) con-
tents. One point had an abnormally high K2O content (4.23 wt.%).
Spike G5 (75.40e75.60 mbsf, late MIS 6) included 1966e2055
shards. It roughly corresponds to the “silt sized pumiceous ash
layer” of Aoike (2007). Its shards had low K2O content (average
1.29 wt.%).
Spike G6 (97.26e97.36 mbsf, latest MIS 7) included 2636 shards.
It corresponds to the “lithic grain bearing sandy silt with glass and
ash layer” of Aoike (2007). Its shards had a wide range of K2O
contents, indicating contamination from various sources.
Spikes G7 and G8 (102.31e102.59 mbsf and
102.71e102.81 mbsf, late MIS 7) included 2740e2839 and 1786
shards, respectively. They correspond to the “silty clay with pumice
and glass shards” of Aoike (2007). Their shards were similar with
high FeO* (averages 2.70 and 2.71 wt.%, respectively), high CaO
(averages 2.75 and 2.80 wt.%, respectively), and very low K2O
contents (averages 0.84 and 0.85 wt.%, respectively). In spike G8,
two points had abnormal K2O contents (1.44 and 4.68 wt.%) and
one point had abnormally high SiO2 content (78.52 wt.%).Spike G9 (108.91e109.51 mbsf, MIS 7) included 1591e2752
shards. It corresponds to the “coarse sand to granule sized pumice
layer,” about 50 cm thick, of Aoike (2007). The spike was strati-
graphically thicker than others and accompanied a spike in heavy
mineral (orthopyroxene) grains, indicating that it originated from a
nearby volcano. It had low K2O content (average 1.47 wt.%). One
point was abnormal with a moderate K2O content (2.50 wt.%).
Spike G10 (116.15e116.25 mbsf, MIS 7) included 2954 shards. It
corresponds to the “vitric clayey silt layer” of Aoike (2007). It had
moderate K2O content (average 2.71 wt.%).
Spike G11 (117.12e117.32 mbsf, MIS 7) included 1610e2153
shards. It corresponds to the “vitric clayey silt layer” of Aoike
(2007). It had low Al2O3 (average 11.54 wt.%) and very low K2O
contents (average 0.98 wt.%). Three points had abnormally high
K2O content (>2.42 wt.%).
Spike G12 (139.32e139.41 mbsf, MIS 7) included 2660 shards. It
corresponds to the “silty clay layer” of Aoike (2007) and had no
indication of an ash layer. It had very high Na2O (average 5.56 wt.%)
and K2O contents (average 6.11 wt.%), and one point had abnor-
mally low Na2O content (4.84 wt.%) and high K2O content
(6.74 wt.%).
Spike G13 (141.62e141.72 mbsf, MIS 7) included 1684 shards. It
corresponds to the “glass-bearing clayey silt layer” of Aoike (2007)
and had no indication of an ash layer. It had very high Na2O
(average 5.56 wt.%) and K2O contents (average 6.16 wt.%). Two
points had an abnormally low K2O content (both 1.55 wt.%).
Spike G14 (154.16e154.26 mbsf, MIS 7) included 2599 shards. It
corresponds to the “pumiceous ash” of Aoike (2007). It had mod-
erate K2O content (average 2.41 wt.%).
Spikes G15 and G16 (169.52e169.72 mbsf and
179.93e180.03 mbsf, MIS 8) included 2079e2907 and 1898 shards,
Table 2
Major-element composition of glass shards from cores C9001C and correlative tephras (all normalized basis).
G1 G2 G3 G4 G5 G6
Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s
SiO2 76.96 0.78 76.92 77.90 0.24 71.96 0.82 77.95 75.90 63.28 78.42 0.16 77.74 76.71 0.50 78.31 1.10
TiO2 0.38 0.07 0.43 0.16 0.06 0.47 0.09 0.06 0.15 1.17 0.07 0.05 0.14 0.31 0.07 0.20 0.09
Al2O3 12.65 0.31 11.45 12.35 0.13 14.93 0.39 11.94 13.00 16.77 12.56 0.15 12.70 13.28 0.19 12.36 0.56
FeO* 1.80 0.18 2.94 1.42 0.11 1.57 0.22 1.57 1.17 4.72 0.91 0.10 0.95 1.60 0.15 1.69 0.40
MnO 0.12 0.09 0.16 0.07 0.06 0.09 0.08 0.10 0.00 0.06 0.11 0.06 0.17 0.16 0.07 0.16 0.08
MgO 0.39 0.06 0.32 0.15 0.04 0.37 0.10 0.06 0.00 1.86 0.02 0.03 0.01 0.36 0.07 0.17 0.07
CaO 2.14 0.19 1.85 1.50 0.07 1.28 0.29 1.09 0.73 5.05 0.43 0.04 0.39 2.11 0.12 1.78 0.47
Na2O 4.14 0.19 3.34 3.85 0.11 4.56 0.19 3.29 3.50 4.67 4.50 0.10 3.68 4.19 0.12 3.72 0.38
K2O 1.41 0.11 2.58 2.59 0.08 4.76 0.30 3.93 5.54 2.41 2.98 0.11 4.23 1.29 0.05 1.62 1.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
n 14 1 15 12 1 1 1 14 1 15 15
G7 G8 G9 G10 G11
Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s
SiO2 76.32 1.33 76.05 0.55 77.45 78.15 78.52 76.44 0.41 76.56 77.57 0.17 79.01 0.34 76.23 2.78
TiO2 0.23 0.08 0.25 0.06 0.22 0.30 0.25 0.40 0.06 0.56 0.37 0.06 0.22 0.05 0.43 0.27
Al2O3 12.97 0.56 13.10 0.21 12.25 12.37 11.72 12.81 0.13 12.72 12.08 0.09 11.54 0.15 12.49 0.56
FeO* 2.70 0.27 2.71 0.16 1.21 1.63 2.28 2.02 0.19 1.97 1.71 0.13 2.35 0.11 2.02 1.09
MnO 0.18 0.06 0.15 0.06 0.03 0.03 0.24 0.10 0.07 0.05 0.09 0.08 0.17 0.07 0.09 0.08
MgO 0.25 0.11 0.27 0.05 0.11 0.24 0.24 0.45 0.04 0.31 0.25 0.03 0.15 0.05 0.35 0.29
CaO 2.75 0.31 2.80 0.14 0.91 2.04 2.38 2.33 0.06 2.24 1.61 0.05 1.98 0.09 1.86 0.63
Na2O 3.76 0.26 3.83 0.12 3.13 3.80 3.57 3.98 0.16 3.09 3.60 0.13 3.59 0.16 3.37 0.84
K2O 0.84 0.09 0.85 0.06 4.68 1.44 0.79 1.47 0.05 2.50 2.71 0.09 0.98 0.07 3.15 0.98
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
n 15 12 1 1 1 14 1 15 12 3
G12 G13 G14 G15 G16
Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s
SiO2 66.58 0.51 63.15 66.28 0.72 78.21 78.41 77.16 0.19 77.60 0.16 77.03 77.65 0.30
TiO2 0.41 0.07 1.00 0.49 0.10 0.16 0.24 0.36 0.07 0.09 0.06 0.00 0.11 0.08
Al2O3 15.94 0.14 16.76 15.98 0.17 12.40 12.20 12.33 0.09 13.64 0.11 13.60 13.44 0.49
FeO* 3.95 0.20 4.55 4.05 0.25 1.76 1.55 1.88 0.08 0.65 0.08 0.70 0.72 0.30
MnO 0.14 0.08 0.19 0.18 0.09 0.04 0.00 0.08 0.07 0.25 0.06 0.31 0.23 0.09
MgO 0.20 0.05 0.71 0.17 0.07 0.26 0.22 0.25 0.03 0.12 0.05 0.12 0.13 0.05
CaO 1.11 0.14 2.05 1.12 0.14 2.11 2.04 1.88 0.05 0.42 0.05 0.45 0.47 0.37
Na2O 5.56 0.14 4.84 5.56 0.18 3.52 3.83 3.65 0.14 4.24 0.10 2.58 4.25 0.29
K2O 6.11 0.14 6.74 6.16 0.14 1.55 1.51 2.41 0.08 2.98 0.09 5.22 3.00 0.25
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
n 14 1 13 1 1 15 14 1 15
To-Of Spﬂ Aso-4 Toya OrP (sample 3-
2)
WP (sample 3-
1)
ODP794 2H-2-
120
So-OT
Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s Average ±1s
SiO2 77.10 0.74 77.81 0.20 72.45 0.43 78.18 0.23 78.92 0.32 76.52 0.25 66.06 1.35 77.07 0.26
TiO2 0.42 0.07 0.20 0.07 0.50 0.11 0.08 0.04 0.22 0.06 0.45 0.06 0.53 0.26 0.30 0.07
Al2O3 12.65 0.29 12.29 0.09 14.67 0.16 12.53 0.13 12.33 0.22 12.73 0.20 16.22 0.38 12.28 0.20
FeO* 1.97 0.23 1.54 0.11 1.62 0.12 0.98 0.12 1.35 0.13 2.09 0.11 4.41 0.57 1.94 0.21
MnO 0.08 0.06 0.07 0.04 0.11 0.08 0.10 0.08 0.12 0.08 0.10 0.08 0.13 0.06 0.09 0.07
MgO 0.40 0.07 0.15 0.05 0.32 0.06 0.02 0.02 0.19 0.06 0.45 0.05 0.13 0.21 0.26 0.04
CaO 2.22 0.21 1.50 0.06 1.14 0.10 0.39 0.07 1.61 0.08 2.34 0.08 1.23 0.28 1.97 0.11
Na2O 3.91 0.12 3.74 0.07 4.46 0.19 4.54 0.09 3.89 0.06 3.82 0.08 5.43 0.31 3.40 0.11
K2O 1.25 0.06 2.71 0.05 4.74 0.24 3.18 0.05 1.37 0.03 1.51 0.04 5.85 0.17 2.68 0.11
Total 100.00 100.00 100.00 100.00 100.00 100.00 99.99 100.00
n 15 15 11 10 15 15 9 15
Data for ODP794 2H-2-120 are from Shirai et al. (1997).
* Denotes total iron.
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had no indication of an ash layer. Both had high Al2O3 (averages
13.64 and 13.44 wt.%), low FeO* (averages 0.65 and 0.72 wt.%), low
CaO (averages 0.42 and 0.47 wt.%), and moderate K2O content
(averages 2.98 and 3.00 wt.%, respectively). One point in spike G15
was abnormal with a high K2O content (5.22 wt.%).
On the TAS classiﬁcation diagram (Na2O þ K2O versus silica;
LeBas et al., 1986), the glasses from spikes G12 and G13 plot in
the trachyte ﬁeld (alkali contents of spikes G12 and G13 are 11.67
and 11.72 wt.%, respectively) and the other 14 samples arerhyolites (Fig. 4). The two trachyte shards are very similar and
may be from continental Asian volcanoes (e.g., Baekdushan
volcano), because shards from the late Pleistocene Baekdushan
and Urlong tephras have alkali contents of 10.0e12.5 wt.% and
12.0e15.5 wt.%, respectively (Lim et al., 2013). A sample from
spike G3 (Aso-4), with 8.8e9.5 wt.% alkali content, was an
outlier among the rhyolite shards. Rhyolite shards are common
in this part of Japan, but shards with less than 5 wt.% alkali
content are not found in the archive of glass shard chemistry
(Machida and Arai, 2003). Spike G6 had a wide range in alkali
Fig. 3. Plots of major oxides against silica in glass shards from spikes G1eG16 (all normalized) (Fig. 2 and Table 1).
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single tephra.
5.2. Stratigraphy and amphibole chemistry of spikes
Amphibole grains were abundant (more than 500 grains per
3000) at three horizons and formed clear spikes, named A1 through
A3 (Table 1 and Fig. 2). Major-element analyses of amphibole grains
from these spikes are shown in Table 3 and Fig. 5.
Spike A1 (73.81e73.91 mbsf, late MIS 6) included 1310 amphi-
bole grains and corresponds to a glass-bearing silty sand in the coredescription (Aoike, 2007). The grains had moderate Mg# (Mg/
(Mg þ Fe)  100) values (average 66.86) and high Na content
(average 0.55 cations per unit cell), and one point had a low Mg#
value (61.60).
Spike A2 (93.31e93.41 mbsf, early MIS 6) included 501 amphi-
bole grains and corresponds to a silty clay layer (Aoike, 2007). The
grains had high Mg# values (average 70.02) and low Na content
(average 0.33 cations per unit cell), and two points had low Mg#
values (63.86 and 64.85).
Spike A3 (116.82e116.92 mbsf, MIS 7) included 928 amphibole
grains and corresponds to a silty clay layer (Aoike, 2007). The grains
Fig. 4. Total alkali-silica diagram showing classiﬁcation of glass shard major-element chemistry (normalized basis).
Table 3
Major-element composition of amphibole, shown as oxides (top) and cations per unit cell (bottom).
A1 A2 A3 OrP (sample 3-2)
Average ±1s Average ±1s Average ±1s Average ±1s
SiO2 43.86 1.21 41.80 48.28 0.96 42.28 44.56 42.53 1.56 47.13 0.89
TiO2 2.08 0.16 2.01 1.21 0.23 2.02 1.81 2.11 0.44 1.64 0.23
Al2O3 10.45 1.17 11.88 6.67 0.79 12.22 9.60 11.85 1.75 7.17 0.63
FeO* 12.52 0.29 13.98 11.90 0.44 13.08 13.56 11.72 0.95 14.84 0.50
MnO 0.50 0.16 0.79 0.78 0.09 0.34 0.76 0.34 0.12 0.68 0.11
MgO 14.18 0.43 12.58 15.60 0.44 13.54 13.44 14.06 0.34 13.72 0.46
CaO 11.54 0.19 11.21 11.12 0.18 11.47 11.24 11.49 0.36 10.56 0.18
Na2O 1.94 0.14 2.04 1.15 0.15 2.03 1.54 1.97 0.14 1.54 0.13
K2O 0.85 0.07 0.90 0.42 0.07 0.69 0.67 1.06 0.15 0.10 0.04
Total 97.90 97.19 97.14 0.71 97.67 97.18 97.12 97.38
Si 6.46 0.16 6.27 7.06 0.13 6.26 6.62 6.31 0.21 6.96 0.10
Al 1.81 0.21 2.10 1.15 0.14 2.13 1.68 2.07 0.31 1.25 0.12
Ti 0.23 0.02 0.23 0.13 0.03 0.23 0.20 0.23 0.05 0.18 0.03
Fe 1.54 0.03 1.75 1.45 0.05 1.62 1.68 1.45 0.12 1.83 0.06
Mn 0.06 0.02 0.10 0.10 0.01 0.04 0.10 0.04 0.02 0.08 0.01
Mg 3.11 0.08 2.81 3.40 0.10 2.99 2.98 3.11 0.07 3.02 0.09
Ca 1.82 0.03 1.80 1.74 0.03 1.82 1.79 1.83 0.06 1.67 0.03
Na 0.55 0.04 0.59 0.33 0.04 0.58 0.44 0.57 0.04 0.44 0.04
K 0.16 0.01 0.17 0.08 0.01 0.13 0.13 0.20 0.03 0.02 0.01
Mg# 66.86 0.99 61.60 70.02 1.32 64.85 63.86 68.17 2.06 62.23 1.41
n 14 1 13 1 1 15 15
FeO*, total iron; Mg#, Mg/(Mg þ Fe)  100.
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(average 0.57 cations per unit cell).6. Tephrostratigraphy and marine terraces in the Kamikita
Plain
6.1. Tephrostratigraphy
We sampled tephras at ﬁve locations on the Kamikita Plain
(Fig. 6a), consisting of four outcrops and a borehole core (location
3). Tephra-loess sequences reaching 25 m in thickness have been
reported here (Kuwabara, 2004; Kuwabara et al., 2007; section logs
in Fig. 7). The tephra layers consist of fall pumice or fall ash layers,with the exception of a pumice ﬂow layer (Towada-Hachinohe
tephra) at the top. Their characteristics are listed in Table 4.
The 13 Fukuromachi tephras (Fkr 1e13) were erupted from
unknown sources. They are severely weathered and have no glass
shards (Kuwabara et al., 2007). These tephras have not been dated,
but they are much older than the overlying White Pumice because
the loess deposits between them are more than 600 cm thick,
implying a considerable period of time for accumulation.
The White Pumice (WP), erupted from the Kita-Hakkoda vol-
cano group (Kudo et al., 2004; Fig. 1b), forms a fallout pumice layer
in the Kamikita Plain. Its isopach pattern is elongated toward the
northeast (Nakagawa et al., 1986; Kudo et al., 2004), and it may
extend to the C9001C drill site. Its thickness was 35 cm at location 1
(Kuwabara, 2004), 134 cm at location 3, 116 cm at location 4, and
Fig. 5. Chemical composition of amphibole in spikes in C9001C cores and tephra OrP from the Kamikita Plain (left, Mg# versus Ca; right, Mg# versus Na).
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location 3, had low K2O content (average 1.51 wt.%; Table 2 and
Fig. 9). The heavy-mineral assemblage in the WP consisted of
orthopyroxene with minor amphibole. Its eruptive age has been
estimated by the ﬁssion-track technique on zircon as 0.28 ± 0.05
Ma (Kuwabara, 2007) and by its stratigraphic position in loess de-
posits as 160e200 ka (Miyauchi, 1985) and 0.27 Ma (Kudo et al.,
2004).
The Orange Pumice (OrP), erupted from Towada volcano (Kudo
et al., 2004; Fig. 1b), is a fall pumice layer in the Kamikita Plain.
Its isopach pattern is elongated to the northeast (Nakagawa et al.,
1986; Kudo et al., 2004), and it may extend to the C9001C drill
site. Its thickness was 60 cm at location 1 (Kuwabara, 2004), 11 cm
at location 3, and 40 cm at location 4 (Fig. 7). Glass shards in sample
3-2, from location 3, had high SiO2 and low K2O contents (average
78.92 and 1.37 wt.%, respectively; Table 2 and Fig. 9). Its heavy-
mineral assemblage consisted of amphibole with minor orthopyr-
oxene, clinopyroxene, and olivine. Amphibole grains in sample 3-2Fig. 6. Distribution of marine terraces and elevation of shoreline angles on the Kamikita Plai
Machida, 2001). Contour interval is 20 m. Location is outlined in Fig. 1b. (b, c) Elevations of M
Koike and Machida (2001) as shown in (a) and (c) from reinterpreted terrace chronology ohad low Mg# values (average 62.23) and low Ca content (average
1.67 cations per unit cell; Fig. 5).
The Zarame tephra (ZP), erupted from an unknown volcano, is
found as patches of ash at location 2 (Fig. 6a). Its heavy-mineral
assemblage consisted of olivine and pyroxenes.
The Toya tephra (Toya), erupted from Toya volcano in Hokkaido
(Fig. 1a; Machida and Arai, 2003), consists of felsic fallout layers at
locations 2e4 (Figs. 7 and 8) containing well-sorted glass shards (of
silt to clay size). Its eruptive age is consistent with MIS 5d (Machida
and Arai, 2003).
The Towada-Castera (To-CP), Towada-Red (To-Rd), Towada-
Kibidango (To-Kb), Towada-Godo (To-G), Towada-Ofudo (To-
Of), and Towada-Hachinohe (To-H) tephras, from Towada vol-
cano (Machida and Arai, 2003; Fig. 1b), consist of ash, pumice-
fall, or scoria layers at locations 2e4 (Fig. 7). Their heavy-
mineral assemblages consisted of pyroxenes (Table 4),
although amphibole grains occurred in tephra To-H. All are
younger than MIS 5d.n. (a) Map showing marine terraces and shoreline angles of MIS 5e, 7, and 9 (Koike and
IS 5e, 7 and 9 shoreline angles projected onto a north-south-trending section (b) from
f this study.
Fig. 7. Stratigraphic columns of marine terraces at locations shown in Fig. 6a. The column for location 1 is from Kuwabara (2007).
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6.2.1. MIS 5e marine terrace
The MIS 5e marine terrace surface, known as the Takadate
surface, is widely distributed in the Kamikita Plain (Fig. 6a). Its
terrace deposits have been reported to be overlain by loess deposits
including ZP and younger tephras (Table 4; Miyauchi, 1985, 1988;
Koike and Machida, 2001; Kuwabara, 2004). At location 2, the
terrace deposits are overlain by loess deposits including ZP, Toya,
and younger tephras (Fig. 7). Therefore, the terrace deposits
beneath Toya have been correlated with MIS 5e because Toya is
correlated with MIS 5d. The shoreline angle of the terrace surface is
at 35e42 m above sea level (masl), as determined by subtracting
the thickness of eolian cover on marine sediments (5 m thick), and
does not show any notable vertical variation in the study area
(Koike and Machida, 2001) (Fig. 6).6.2.2. MIS 7 marine terrace
The MIS 7 marine terrace surface (the Tengutai surface) is land-
ward of the MIS 5e surface (Fig. 6a). Its terrace deposits have been
reported to be overlain by loess deposits that include theWP andOrP
tephrasand tephrasyounger thanZP (Miyauchi,1985,1988;Koikeand
Machida, 2001; Kuwabara, 2004). Loess deposits between the terrace
deposits and WP are 50 cm thick at an outcrop near location 4
(Kuwabara, 2004). The shoreline angle of the terrace deposits is at
78e79masl and50e55masl in thenorthernandsouthernpartsof the
Kamikita Plain, respectively, after subtracting 5e13m of eolian cover
(Koike andMachida, 2001), and shows clear vertical variation (Fig. 6).
At location 3, the terrace deposits are overlain by loess deposits
that include the WP, OrP, ZP, Toya, and younger tephras (Fig. 7).
Loess deposits are absent between the terrace deposits and tephra
WP. This shows that the termination of terrace deposits was just
before the eruption of tephra WP.
Table 4
List of tephras, sources, grain components, ages, and references in Kamikita Plain and Shimokita Peninsula. Heavy minerals of Fkr 1, 2, 5, and 7e13 were not preserved
(Kuwabara, 2004).
Region Location Tephra name Abbreviation Source volcano Heavy mineral assemblage Eruptive age Reference
Kamikita Plain 1, 2 Towada-Hachinohe To-H Towada Opx, Cpx, Amp 15 calibrated kyBP c
1, 2, 3 Towada-Ofudo To-Of Towada Opx, Cpx 32 calibrated kyBP c
2, 3 Towada-Godo To-G Towada Opx, Cpx MIS 4? c
2, 3 Towada-Kibidango To-Kb Towada Opx, Cpx MIS 4? c
1, 2 Towada-Red To-Rd Towada Opx, Cpx MIS 4? c
2, 3, 4 Towada-Castera To-CP Towada Opx, Cpx Unknown c
1, 2, 3, 4 Toya Toya Opx MIS 5d c
2 Zarame ZP Unknown Opx, Cpx, Olv Unknown c
1, 3, 4 Orange Pumice OrP Towada Amp (Opx, Cpx, Olv) Unknown d, f
1, 3, 4, 5 White Pumice WP Kita-Hakkoda Opx (Amp, Cpx) 160e200 ka or 270 ka a, d, f
1 Fukuromachi 1e13 Fkr 1e13 Unknown Fkr 6: Amp
Fkr 4: Cpx, Opx
Fkr 3: Cpx, Opx
Much older than WP g
Shimokita Peninsula Tanabu A Tn-A Osore Amp, Opx, Cgt, Cpx MIS 8 or 350 ± 60 ka b, h, i
Tanabu B Tn-B Osore Amp, Opx, Cpx MIS 8 b
Tanabu C Tn-C Osore Amp, Opx, Cpx MIS 8 or 180 ± 40 ka b, c
Abbreviations of heavy minerals: Amp, amphibole; Cgt, cummingtonite; Cpx, clinopyroxene; Olv, olivine; Opx, orthopyroxene.
References: a, Miyauchi (1985); b, Kuwabara and Yamazaki (2001); c, Machida and Arai (2003); d, Kudo et al. (2004); e, Kuwabara (2006); f, Kuwabara (2007); g, Kuwabara
(2007); h, Kuwabara (2012); i, Matsu'ura et al. (2014). Mineral names in parentheses indicate that these minerals are present in trace amounts.
Fig. 8. Photographs of marine terrace outcrops. (a) West side of outcrop at location 4 showing tephra-loess sequences. (b) East side of outcrop at location 4 showing terrace deposits
and overriding tephra-loess sequences. (c) Location 5.
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that include tephras WP, OrP, Toya, and To-CP (Figs. 7 and 8). Loess
deposits between terrace deposits and WP are about 150 cm thick,
clearly different from the 50 cm thickness reported by Kuwabara
(2004). This evidence shows that the termination of marine sedi-
ment deposition was much older than the eruption of tephra WP.
The loess deposits between WP and OrP are 70 cm thick, and those
between OrP and Toya are 200 cm thick (Fig. 7). Tephra ZP is absent
here, probably because of weathering.
6.2.3. MIS 9 and older marine terraces
The MIS 9 marine terrace surface (the Shichihyaku surface) is
landward of the MIS 7 surface (Fig. 6a). Its terrace deposits have
been reported to be overlain by loess deposits that include the
WP, OrP, and younger tephras (Miyauchi, 1985, 1988; Koike and
Machida, 2001; Kuwabara, 2004). Loess deposits between the
terrace deposits and tephra WP are 200e300 cm thick
(Kuwabara, 2004). The shoreline angle of the terrace surface is at
92e114 masl in the northern part of the Kamikita Plain, after
subtracting 10e15 m of eolian cover (Koike and Machida, 2001;
Fig. 6). Although the terrace surface is widely distributed in the
southern Kamikita Plain, the position of its inner edge cannot be
determined as the sea cliffs that were behind it are not
preserved.At location 5, the terrace deposits are overlain by loess deposits
that include the WP and younger tephras (Figs. 7 and 8c). Loess
deposits between the terrace deposits and tephra WP are about
150 cm thick.
Marine terrace deposits older than MIS 9 form the hilly Fukur-
omachi terrace surface (Kuwabara, 2004), although it was not
classiﬁed as a terrace surface by Koike andMachida (2001) (Fig. 6a).
At location 1, the terrace deposits are overlain by loess deposits that
include tephras Fkr 1e13 and younger tephras (Kuwabara, 2004;
Fig. 7). The ages of terrace deposits are poorly known given the
paucity of age control for tephras Fkr 1e13.
7. Discussion
7.1. Correlation of tephras by glass shard major-element chemistry
7.1.1. Spike G1 and the Towada Ofudo tephra
Spike G1 corresponds to the “ash and pumice layers” of Aoike
(2007) but has not been correlated with any named tephra by
previous studies. It is placed in MIS 3 given its position above
tephra Spfa-1 (Fig. 2). The glass shards of low K2O content are
similar to those reported from tephras To-Of or To-H from Towada
volcano (Machida and Arai, 2003). We conclude that the spike
corresponds to To-Of (32 ka), not To-H (15 ka) (Table 4). The
Fig. 9. Plots of major oxides against silica in glass shards in previously reported tephras. Outlines show ranges of spikes G1, G4, G9, G12, G13, and G14 from Fig. 3.
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pyroclastic ﬂow deposits at 40.583611N,141.268333E) are similar
(Table 3; Fig. 9). These lines of evidence indicate that spike G1 is a
correlative of tephra To-Of.
7.1.2. Spike G4 and the Toya tephra
Spike G4 corresponds to the “pumice with sandy silt-sized vitric
ash layer” of Aoike (2007) but has not been correlated with any
named tephra by previous studies. It is placed in MIS 5d as it lies
below spike G3 (correlated with tephra Aso-4 from MIS 5b; Aoike
et al., 2010) (Fig. 2). Its low FeO*, low CaO, high Na2O, and moder-
ate K2O contents are similar to previously reported data for the Toya
tephra (Machida and Arai, 2003). The chemical compositions of the
spike and Toya (sampled from Toya pyroclastic ﬂow deposits at
42.764543N, 141.003211E; Nakagawa et al., 2011) are similar
(Table 3, Fig. 9). From its correlation with spike G4, the Toya tephra
is placed in MIS 5d by its stratigraphic position relative to other
well-dated widespread tephras (Machida and Arai, 2003; Fig. 9).
This is the ﬁrst time that the Toya tephra has been placed in theMIS
sequence by direct evidence.
7.1.3. Spike G9 and the White Pumice
Spike G9 is in an ash layer about 50 cm thick assigned to MIS 7
(Fig. 2). Its glass shards are similar to shards derived from the
Towada volcanoes (e.g., To-Of) (Fig. 9). This indicates that the source
of the spike was Towada or a nearby volcano.
In the Kamikita Plain, candidate tephras for spike G9 are OrP and
WP, as estimated from their reported isopachs. Tephra OrP includes
abundant amphibole (Table 4), but spike G9 has very little
amphibole (5e9/3000 grains) (Table 1); therefore, we reject OrP.
Tephra WP includes abundant orthopyroxene with minor amphi-
bole, an assemblage in accordance with the concentration of
orthopyroxene at the stratigraphic position of spike G9 (Fig. 2). In
addition, the chemistries of the tephra and the spike overlap
(Fig. 9); therefore, we correlate WP with spike G9.
7.1.4. Spikes G12, G13, and ODP 794 2H-2-120 glass shards
Spikes G12 and G13 did not correspond to an ash layer in the
core description (Aoike, 2007). Both are placed in the ﬁrst half of
MIS 7 (Fig. 2). Their high Na2O and high K2O contents are very
similar andmay indicate a source from a volcano in the Japan Sea or
the Asian continent. In ODP 794 cores from the ﬂoor of the Japan
Sea (Fig. 1b), four horizons of glass shard concentrations were re-
ported between MIS 5d (Toya) and the base of MIS 9 (about 340 ka)
(Shirai et al., 1997). Two of these had bimodal chemistries. The
shards of a third horizon (2H-2-17) had a high alkali content
(8.89 wt.%) and were correlated with tephra Aso-1 (255 ka). Shards
of the fourth horizon (2H-2-120) had low SiO2 (66.06 wt.%) and
very high alkali contents (averages of 5.43 wt.% Na2O and 5.85 wt.%
K2O; Table 2) and were similar in chemistry to glass from spikes
G12 and G13 (Fig. 9), although analytical conditions were not
strictly comparable between Shirai et al. (1997) and this study
(Kuehn et al., 2011; Smith et al., 2013). The age of horizon 2H-2-120
was determined as 291 ka (Shirai et al., 1997), whereas the strati-
graphic position of spikes G12 and G13 suggests an age of
220e230 ka (Fig. 2). However, because spike G14, at the base of MIS
7 (240e250 ka), has been suggested to be correlated with tephra
So-OT (300e330 ka) (Suzuki et al., 2012), spikes G12 and G13 may
plausibly be about 60e80 ka older than 220e230 ka. Therefore, we
ﬁnd that either spike G12 or spike G13 is reasonably correlatedwith
2H-2-120. Because only a single tephra layer with very high alkali
glass shards (2H-2-120 ash) has been found, a cryptotephra may
occur above 2H-2-120 (correlative with G12) or below 2H-2-120
(correlative with G13).7.1.5. Spike G14 and the Shiobara-Otawara tephra
Spike G14 corresponds to the “pumiceous ash” of Aoike (2007)
and is placed at the base of MIS 7 (Fig. 2). Glass shards of moder-
ate K2O content are common in this part of Japan (Fig. 9). Suzuki
et al. (2012) showed that an ash layer at 154.8 mbsf in the
C9001C cores is possibly correlated with tephra So-OT. Spike G14
corresponds to an ash layer at 154.10e154.20 mbsf, slightly shal-
lower than the So-OT horizon of Suzuki et al. (2012) (we found no
ash layer around 154.8 mbsf). As a cross-check of this proposed
correlation, tephra So-OT was sampled from pyroclastic ﬂow de-
posits at the outcrop reported by Suzuki et al. (2004) at
36.917719N,139.960592E. The shard chemistries of spike G14 and
So-OT are similar, and no other correlatives of So-OT have been
reported, although their Na2O and K2O populations do not perfectly
overlap. Thus, we consider them to be correlated. The age of So-OT
(300e330 ka) is not consistent with the stratigraphic position of
spike G14 in the d18O record at the base of MIS 7 (about
240e250 ka) (Fig. 2).
7.2. Future correlation of tephras
7.2.1. Orange Pumice (OrP)
Tephra OrP is found above the WP tephra and below the Toya
tephra in the Kamikita Plain and includes abundant amphibole
grains (Table 4). Because tephras WP and Toya are correlated
with spikes G4 and G9, respectively, OrP may be correlated with
spike G5, G7, or G8 (Fig. 2; G6 is probably a turbidite). However,
the SiO2 content of OrP shards (sample 3-2, average 78.92 wt.%)
was much higher than those of spikes G5, G7, and G8 (averages
76.71, 76.32 and 76.05 wt.%, respectively), and those correlations
are ruled out. OrP may correspond to amphibole spike A1 or A2,
above WP and below Toya (Fig. 2), but the Mg#, Ca, and Na
contents of OrP were not compatible with those of A1 or A2
(Fig. 5).
A cryptotephra in the C9001C cores that corresponds to OrPmay
be detected using lower thresholds than those used in this study
(more than 1500 shards or 500 amphibole grains). Further, the
combination of glass shard and amphibole chemistry may allow
more tephras to be detected. In particular, the amphibole mineral
cummingtonite has been used for detection and correlation of
tephras in northeastern Japan (Matsu'ura et al., 2011, 2012). A set of
shard and amphibole chemical data will be useful for better tephra
correlation in the future.
7.2.2. Tanabu tephra series
Of three Tanabu tephras (Tn-C, Tn-B, and Tn-A in ascending
order) erupted fromOsore volcano (Table 4), tephras Tn-B and Tn-C
have been reported at 141.2 and 146.6Pumicembsf in the C9001C
cores (Suzuki et al., 2012; Fig. 2). These stratigraphic positions are
near those of spikes G12 (139.32e139.41 mbsf), G13
(141.62e141.72 mbsf), and G14 (154.16e154.26 mbsf) (Table 1). The
shards of spikes G12 and G13 had high alkali contents (averages
11.66 and 11.72 wt.%, respectively) (Table 2), ruling out a correlation
with the Tanabu tephras (alkali contents of Tn-C and Tn-A were
4.75e5.24 wt.% and 5.35 wt.%, respectively, and Tn-B was not
shown; Aoki and Machida, 2006). Spike G14 is already correlated
with tephra So-OT on the basis of glass shard chemistry. Further-
more, the Tanabu tephras include abundant amphibole grains
(Kuwabara and Yamazaki, 2001), whereas no amphibole spike was
found near the reported positions of Tn-C and Tn-B (Fig. 2).
We conclude that the Tanabu tephras probably did not meet our
criteria for a glass shard spike (1500 grains) or amphibole spike
(500 grains). Future correlation of the Tanabu tephras may require
lower thresholds for spikes. Recently, cummingtonite has been
distinguished in amphibole of tephra Tn-A (Matsu'ura et al., 2014),
Fig. 10. Tephrostratigraphy of C9001C core correlated with oxygen isotopic record. Stratigraphic positions of tephras are correlated with the MIS assigned by Domitsu et al. (2011)
(left) and with the reﬁned MIS assignments of this study (right).
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(e.g., Matsu'ura et al., 2011, 2012).
7.3. Correlation of tephras with marine isotopic stages
Spikes G1, G2, G3, and G4 are correlated with tephras To-Of,
Spfa-1, Aso-4, and Toya, respectively. These tephras in turn have
been correlated with the end of MIS 3, the middle of MIS 3, MIS 5b,
and MIS 5d, respectively, through the d18O chronology.
Spike G9 (correlated with tephra WP) occurred in sediments of
the last part of MIS 7 (200e210 ka) (Fig. 2). However, the base of
MIS 7 is strongly constrained by the ﬁrst occurrence of Emiliania
huxleyi (250 ka) at 149.41 mbsf (Domitsu et al., 2011) and is
inconsistent with the occurrence of ODP794 tephra 2H-2-120
(291 ka) at 139.32e139.41 mbsf (spike G12 horizon) and
141.62e141.72 mbsf (spike G13 horizon). Further, the ﬁrst occur-
rence of E. huxleyi is too close to tephra So-OT (300e330 ka) at
154.10e154.20 mbsf (Suzuki et al., 2012). Given the ages of tephras
2H-2-120 and So-OT, MIS 7 probably corresponds to cores
11He13H (about 22 m long), not core 17H (about 55 m long;
Domitsu et al., 2011) (Fig. 10). An age-depth plot (Fig. 11) shows that
our interpretation is consistent with the last occurrence ofProboscia curvirostris (250e300 ka; Domitsu et al., 2010) at 130.41/
139.91 mbsf, not with the ﬁrst occurrence of E. huxleyi. This inter-
pretation also suggests that the irregular sedimentation rate
inferred during MIS 7 (twice as great as in other stages; Domitsu
et al., 2011) should be revised downward. In that case, spike G9
(WP) would be correlated with the middle of MIS 7, about 220 ka
(Fig. 10b), older than the reported stratigraphic age of 160e200 ka
(Miyauchi, 1985) and younger than 0.27 Ma (Kudo et al., 2004). We
propose that our age assignment is more secure than these previ-
ous ones. Miyauchi (1985) obtained the stratigraphic age by using
the ages of tephras To-H (13 ka), To-Of (25 ka), and Aso-4 (70 ka) as
control points in loess deposits. But these tephra ages have been
revised to older dates (15 cal ka, 32 cal ka, and MIS 5b or 87 ka,
respectively); therefore, the WP age of Miyauchi (1985) is probably
an underestimate. Kudo et al. (2004) obtained their estimate using
the ages of tephras Toya (106 ka) and Hakkoda-2 (400 ka) as control
points. But because Hakkoda-2 yielded inconsistent dates (0.25 Ma,
0.40 Ma, and 0.37e0.41 Ma by thermoluminescence, K-Ar, and
ﬁssion-track techniques, respectively; Kudo et al., 2004), this
tephra cannot provide strong age constraints. Furthermore, the
thickness of loess deposits between tephras Toya and Hakkoda-2,
including 15 local tephras, may have been overestimated because
Fig. 11. Plot of ages versus depths of C9001C core sediments. Biostratigraphic data are from Domitsu et al. (2010). FO, ﬁrst occurrence; LO, last occurrence.
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assigned by Kudo et al. (2004)might be older than ours. The ﬁssion-
track age ofWP (0.28 ± 0.05Ma: Kuwabara, 2007) is also older than
our age for WP.
We propose the following reﬁnements in the interpretation of
our spikes in terms of the d18O record: move spikes G10 and G11
from the second half of MIS 7 to the ﬁrst half of MIS 7; move spikes
G12 and G13 (ODP 794 2H-2-120) from MIS 7 to MIS 8
(274e283 ka); move spike G14 (So-OT) from MIS 7 to MIS 9 (320
ka); and move spikes G15 and G16 from MIS 8 to MIS 10 (Figs. 10
and 11). However, the correlation of these sediments with MIS 9
or older stages should be checked by other time markers.Table 5
Terrace ages, paleo-shoreline parameters, and calculated uplift rates.
Marine terrace Elevation of
inner edge (m)
Eustatic
sea level (m)
Age (ka) Uplift rate
(m/ky)
MIS 5e 35e42 0~6 116e132 0.22e0.36
MIS 7c 50e55 5~15 212e220 0.25e0.33
MIS 7e 50e55 5~15 230e235 0.23e0.30
MIS 9c 78e79 3~8 318e324 0.22e0.26
MIS 11 92e114 2~18 398e410 0.18e0.297.4. Chronology of marine terraces using reﬁned tephrostratigraphy
In the Kamikita Plain, the MIS 5e marine terrace is widely
distributed (Fig. 6a) and is well dated by the presence of tephras ZP
and Toya (MIS 5d) within loess in the terrace deposits. However,
tephra-loess stratigraphy suggests that the MIS 7 marine terrace of
Koike and Machida (2001) probably includes two terraces: the
younger terrace is directly overlain by tephra WP, as shown at
location 3, and the older one is overlain by about 150 cm of loess
deposits beneath WP, as shown at locations 4 and 5 (Fig. 7).
The younger of these terraces is correlated with MIS 7 because
the top of the terrace deposits dates from just before the eruption of
tephra WP. Given an age of about 220 ka for this eruption, the
terrace deposits at location 3 are reasonably correlated with MIS 7e
(230e235 ka) or possibly MIS 7c (212e220 ka).
The older of these terraces is much older than the WP eruption,
as shown by the presence of thick loess between the terrace de-
posits and WP. At location 4, the thickness (150 cm) of the loess
between terrace deposits andWP indicates a long duration, as does
the thickness of loess (270 cm, or 230 cm after subtracting 40 cm of
possible weathered tephra) between tephras WP and Toya.
Assuming constant loess deposition, the deposition rate between
WP (220 ka) and Toya (MIS 5d, 106 ka) is 2.02e2.34 cm/ky. This in
turn means that the time span between deposition of the terrace
deposits and WP was 64e74 ky. That span of time would indicate
that the terrace deposits are older than 284e294 ka, much olderthan the MIS 7e (230e235 ka) transgression. Similarly at location 3,
the loess thickness suggests a deposition rate betweenWP and Toya
of 1.84e2.51 cm/ky. This deposition rate, if applied to locations 4
and 5, suggests that the loess between the terrace deposits and WP
represents 60e81 ky, making the terrace deposits older than
280e301 ka. Therefore, the older terrace deposits are more
reasonably correlated with MIS 9 than with MIS 7e.
Shoreline angle elevations of the “MIS 7 terrace” of Koike and
Machida (2001) are 78e79 masl in the northern Kamikita Plain
and 50e55 masl in the southern part (Fig. 6b). That offset would
require vertical displacement on an east-west-trending blind fault,
but that is inconsistent with the lack of offset of the MIS 5e
shoreline angle. Using our reﬁned tephra-loess stratigraphy and age
of tephra WP, the northern segment of the “MIS 7 terrace” is
reasonably correlated with MIS 9 (Fig. 6c). That would mean that
the shoreline angles of MIS 9, 7, and 5 underwent continuous
regional uplift. The “MIS 9 terrace” thenwould be older than MIS 9,
probably MIS 11.
These revised terrace ages, combined with elevations of their
shoreline angles and the reported eustatic sea levels (MIS 5e,
0e6 m; MIS 7c and 7e, both15 m; MIS 9c,3 to þ8 m; MIS 11, 2
to þ18 m; Siddall et al., 2006), constrain the late Quaternary uplift
of the Kamikita Plain to a roughly constant uplift rate of
0.18e0.36 m/ky (Table 5). Late Quaternary uplift is an important
factor in evaluating the activity of offshore faults near the Kamikita
Plain and Shimokita Peninsula, where nuclear power plants are
located or under construction. The Kamikita Plain is being uplifted
faster than the northern Shimokita Peninsula (0.1e0.2 m/ky;
Matsu'ura et al., 2014), but it is unclear whether the rate includes
T. Matsu'ura et al. / Quaternary Geochronology 23 (2014) 63e7978local uplift (e.g., folding). As it stands, the uplift rate for the
Kamikita Plain has a large margin of error because it is not inferred
from buried shoreline angles beneath cover sediments such as
tephra-loess sequences, slope deposits, backshore sediments, or
dunes. Future studies are required to improve the age control for
MIS 9 and 11 terraces through tephrostratigraphy and uplift rates
inferred from buried shoreline angles.
8. Conclusions
We investigated late Quaternary deep-sea sequences of the
C9001C cores from the top of MIS 9 to the present to reﬁne the
regional tephrostratigraphy, then reconsidered the marine terrace
chronology along the Paciﬁc coast of northern Honshu. We ﬁrst
counted the glass shards and heavy minerals in contiguous marine
sediments of the cores, then analyzed themajor-element chemistry
of glass shards from 16 glass-shard spikes in the sediments: the
spikes correspond to 12 visible tephras and 4 cryptotephras. Our
main conclusions are as follows:
(1) We correlated spike G1 with tephra Towada-Ofudo (To-Of:
last MIS 3, 32 ka), G2 with Shikotsu-1 (Spfa-1: mid MIS 3,
42e44 ka), G3 with Aso-4 (MIS 5b, 87 ka), G4 with Toya
(MIS 5d, 106 ka), G9 with White Pumice (WP: mid MIS 7,
220 ka), G12 or G13 with ODP794 2H-2-120 (mid MIS 8,
274e283 ka), and G14 with Shiobara-Otawara (So-OT: mid
MIS 9, 320 ka). We determined that spike G6 represents a
turbidite because it contains a variety of glass shards. We
established a middle Pleistocene tephrostratigraphy based
on the deﬁnition of spikes for detection of important cryp-
totephra (e.g., ODP 794 2H-2-120).
(2) Both ODP794 2H-2-120 (MIS 8) and So-OT (MIS 9) were
stratigraphically assigned to MIS 7 in a previous age model
constrained by the ﬁrst occurrence of Emiliania huxleyi.
However, our tephra-based age model is consistent with the
last occurrence of Proboscia curvirostris, and we assigned the
core sediment corresponding to MIS 7 from a previously
reported segment 55 m long to a younger segment 22 m
long. Consequently, those sediments, once classiﬁed as older
thanMIS 7, are shifted to a younger sea-level cycle, which we
then veriﬁed by documenting a constant sedimentation rate
through the core.
(3) The dates of marine terraces in the Kamikita Plain were
reﬁned using the newly constrained age of 220 ka for tephra
WP. The MIS 7 marine terrace of previous reports was shown
to consist of two terraces. The younger one, directly covered
by WP, is correlated with MIS 7e (or 7c) and the older one,
covered by 150 cm of loess beneath WP, is older than
284e294 ka and is correlated with MIS 9. The terrace pre-
viously assigned to MIS 9 is revised to MIS 11.
(4) The 23e29 m offset of shoreline angles previously reported
for the MIS 7 terrace is shown to be the elevation difference
between MIS 7 and 9 shoreline angles resulting from sea
level changes and regional uplift, rather than the offset of a
single terrace by faulting.
(5) The revised ages and shoreline angles of the Kamikita Plain
marine terraces indicate roughly constant uplift during the
late Quaternary at 0.18e0.36 m/ky.
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